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I and r o t a r y  k i l n s  f o r  t h e  hea t ing  and cool ing  of s o l i d s  r e q u i r e s  t h a t  
The r a t i o n a l  des ign  of  equipment such a s  s h a f t  c o o l e r s ,  h e a t e r s ,  

t he  thermal  p rope r t i e s  of t h e  s o l i d s  be  known. Thermal conduc t iv i ty  i s  
one of these  p r o p e r t i e s  t h a t  t o  measure n e c e s s i t a t e s  e l a b o r a t e  equipment 

I and tiqe-consuming techniques.  

A r ap id ,  s imple method has  been developed €or determining t h e  
thermal conduct iv i ty  of s o l i d s . '  The s o l i d s  can be e i t h e r  porous or  non- 
porous and of e i t h e r  high o r  low conduct iv i ty .  I f  high-conduct ivi ty  , mate r i a l s  a r e  t e s t e d ,  then  both t h e  thermal  conduct iv i ty  and h e a t  capa- 

I c i t y  caq be s imultaneously measured by t h e  method. 

The procedure involves  preparing a c y l i n d r i c a l  b r i q u e t t e  of t h e  

l q u e t t e  i s  heated t o  a cons t an t  temperature  a f t e r  which it i s  suspended ' i n  an open-end g l a s s  tube and cooled by a known flow of n i t r o g e n  o r  any 
o t h e r  nonreact ive gas. The thermal  conduct iv i ty  i s  then computed from 

(.a d i g i t a l  computer comparison of  t h e  cool ing  curves f o r  t h e  t e s t  s o l i d  
' versus  a r e fe rence  s o l i d  of  known thermal  p r o p e r t i e s  and s i m i l a r  s i z e  1 t h a t  has  undergone t h e  same hea t ing  and cool ing cyc le .  The method was 

v a l i d a t e d  by us ing  t h e  known thermal  p r o p e r t i e s  of lead ,  aluminum, and 
s i lver  and computing t h e  t h e o r e t i c a l  cool ing  curves.  The t h e o r e t i c a l  , curves w e r e  i n  close agreement wi th  t h e  experimental ly  measured cool ing  
curves for  these  m a t e r i a l s .  

. t e s t  s o l i d  th'at has a thermocouple loca t ed  i n  t h e  cen te r .  This b r i -  

Theory 

I The mathemat ica l .bas i s  f o r  determining thermal  conduc t iv i ty  by 
t h e  descr ibed  method i s  d iscussed  i n  a paper  by Newman') and is sum- ' marized as follows. 

( 1. 
Consider a c y l i n d r i c a l  b r i q u e t t e  as shown i n  Figure 

t i o n  i n  t h e  x-d i rec t ion  i s  (see nomenclature for  d e f i n i t i o n  of t h e  v a r i -  
The d i f f e r e n t i a l  equat ion  f o r  unsteady s ta te  h e a t  t r a n s f e r  by conduc- 

1 .  
1 For a b r i q u e t t e  of t h i ckness  Za, the c e n t r a l  p lane  being a t  x = 0 and 
) assuming: 
i ' 1) uniform temperature a t  the s t a r t  of cool ing  o f  t h e  i n i t i a l l y  h o t  
1 br ique t te  
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then t = to when e = 0 

2) t h e  f i n a l  temperature  of the  b r i q u e t t e  w i l l  be t h e  temperature of 
t h e  surroundings : I 

t h e r e f o r e  t = t, when e = *go 

consequently -k (2;) - = 0 a t  x 0 

3 )  t h e r e  is no h e a t  flow ac ross  t h e  c e n t r a l  plane because of symmetry: { 
I 

The h e a t  balance on t h e  b r i q u e t t e  su r face  is made by equat ing  h e a t t r a n s -  
f e r r e d  to  the  s u r f a c e  by conduction with h e a t  t r a n s f e r r e d  from t h e  su r f ac  
by convect&,on.. In  d i f f e r e n t i a l  form, t h e  hea t  balance i s :  ' 

-k d t  = h ( t  - t,) a t  x = +a 
. (a4 % 

Newman') showed t h a t  t h e  s o l u t i o n  to  Equations (1) through 
i n  terms of a dimensionless  temperature  r a t io  Yx is: 

ma 
(I+$ ma2 +ma) cospn 

where A n =  and 

pn are de f ined  as t h e  f i r s t ,  second, t h i r d ,  etc.,  r o o t s  of 
cendenta l  equat ion:  

P n  TAN pn - I /ma = 0 

The s u r f a c e  t o  s o l i d  thermal resistahce r a t i o ,  ma, 

ma = k/ha 
and Xa is  de f ined  as: xq = a e / a 2  
where t h e  thermal  d i f f u s i v i t y  is: a = k/p Cp 

( 5 )  

(5 )  expressed 

t h e  t rans-  

(7) 

S i m i l a r i l y  , cons ide r ing  r a d i a l  h e a t  t r a n s f e r  , t h e  . r ad ia l  br iquet t l  
h e a t  balance i s  

The i n i t i a l  cond i t ion  equat ion  is: 

t o t o  WHEN' 8 = 0  

The f i n a l  temperature equat ion  is: 

t =  1, WHEN 8 .  - 
The boundary cond i t ion  equat ions  are: 

- k  (g)=O AT r = O  

(12) i 
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and - k  (%)= h ( t - t s )  AT f = R  

Solving Equations (11) through (15) gives:  

and Pn ar,e t h e  f i r s t ,  second, t h i r d ,  etc. ,  r o o t s  of the equation: 

P n J I ( f i n )  - I/mr Jo(Pn) =.O ( 1 8 )  

The su r face  t o  s o l i d  thermal r e s i s t a n c e  r a t i o ,  mr is  

frIr = k / h R  (19 1 

and . .  

I x ,  = a8/R2 
( 2 0 )  

The complete d i f f e r e n t i a l  equat ion  f o r  t h e  case shown i n  Fig.  1 
i s  : 

~ and t he  so lu t ion  to  Equation ( 2 1 )  is: 

I f  t h e  cen te r  temperature def ined a t  r = 0 ,  x = 0 i s  tc, then , eqn. 2 2  becomes: . .  
I 

= Yr Y, tC’+S 
t o  ’tS 

Yc=  - 
where y, and YX are eva lua ted  a t  r = 0 and x = 0. 

1 
i 
l o r  change i n  c e n t e r  temperature f o r  a c y c l i n d r i c a l  b r i q u e t t e  i s  a func t ion  
I o f ,  time ( 8  ) , dens i ty  ( e )  , thermal conduct iv i ty  (k) , the sur face  hea t  
) t r a n s f e r  c o e f f i c i e n t  (h)  , s p e c i f i c  hea t  (C,) and t h e  b r i q u e t t e  dimensions 
I as expressed by Equation (23). 

The preceding mathematical ana lys i s  shows t h a t  t h e  r a t e  of cool ing ,  

The experimental  technique can now be descr ibed i n  terms of th; 
~ p ~ v i o u s  d iscuss ion .  
, s u e d  experimental ly  f o r  a mate r i a l  of known thermal and phys ica l  prop- 
‘erties (s tandard b r i q u e t t e )  , t h e  su r face  h e a t  t r a n s f e r  c o e f f i c i e n t  can be 

I f  t h e  change i n  c e n t e r  temperature wi th  t i m e  is Rsa- 

ca l cu la t ed  from Equation (23), s i n c e  i t  is  the  only  unknown. 
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flow r a t e  of the cool ing  gas and the  geometry and s i z e  of the  br ique t te .  
I t  i s  independent of a l l  o t h e r  phys ica l ,  thermal,  o r  chemical proper t ies  
of t h e  b r ique t t e .  Therefore ,  any o t h e r  b r i q u e t t e  having s i m i l a r  dimen- 
s ions  and cooled a t  the same flow rate w i l l  have the  same value f o r  (h). 

The surface h e a t  t r a n s f e r  c o e f f i c i e n t  (h )  i s  a func t ion  of the 

Once (h)  has  been determined using the  s tandard b r i q u e t t e ,  the 
thermal conduct iv i ty  of  any t e s t  m a t e r i a l  can b e ,  determiped from Equa- 

. t i o n  (23) s ince  a l l  o t h e r  v a r i a b l e s  a r e  known. 

A computor program has been w r i t t e n  which through an i t e r a t i v e  
process  determines t h e  best va lue  of (h)  which makesthe ca l cu la t ed  
va lues  f o r  t he  dimensionless  temperature r a t i o  equal  t o  the experimental 
va lues  obtained when t h e  s tandard  b r i q u e t t e  i s  cooled. 

With (h)  deter&ned, another,  computor program is  run f o r  t he  test  
specimen. Thermal conduc t iv i ty  i s  now t h e  unknown v a r i a b l e  and through 
another  i t e r a t i v e  scheme, the b e s t  va lue  f o r  (k) t h a t  makes t h e  calcu- 
l a t e d  and experimental  va lues  f o r  the temperature r a t i o s  equal  i s  found. 

The inpu t  d a t a  f o r  bo th  programs c o n s i s t  of dens i ty ,  s p e c i f i c  
hea t ,  time, b r i q u e t t e  dimensions, and s e v e r a l  experimental  values fo r  
the temperature r a t i o .  The ou tpu t  from the f i r s t :  program (s tandard)  i s  
the b e s t  value f o r  ( h ) .  Using t h i s  value f o r  ( h ) ,  the  second program 
used t o  determine the  k value  €or  any test material. If  a highly conduc- 
t i v e  material i s  t e s t e d ,  then  i t  is  poss ib le  t o  determine i t s  hea t  capa- 
c i t y  s i n c e  t h e  s o l i d  thermal  r e s i s t a n c e  w i l l  be  s m a l l  compared t o  the 
su r face  thermal resistance. A t r a n s i e n t  h e a t  balance can be w r i t t e n  f o r  

. the test solid cool ing  i n  a s t ream.of  coolan t  gas. 

VpCp dt 
de 

= hA (t - ts) 

I n  the above equat ion,  t = tc s i n c e  the  thermal g rad ien t  i n  the s o l i d  i s  
'neglected.  I n t e g r a t i n g  Equation (24 )  and us ing  the dimensionless temp- 
e r a t u r e  r a t i o ,  Yc g ives :  

Yc = exp(hA/pCpV) e (25) 
Thus, i f  the i n t e r n a l  s o l i d  thermal r e s i s t a n c e  i s  neg l ib l e ,  a p l o t  of 
t h e  experimental  Yc ve r sus  e d a t a  on semilog paper  should be l i n e a r  as 
shown by Equation ( 2 5 ) .  The hea t  capac i ty ,  Cp, can be ca l cu la t ed  from 
the s l o p e  of the l i n e  for Yc versus  e s i n c e  (h) is the same as f o r  the 
s t anda rd  b r i q u e t t e  and the dens i ty ,  p ,  and t o t a l  su r f ace  area, A, fo r  
the test material are a l s o  known. 

Materials and Experimental  Work 

A primary advantage of the t r a n s i e n t  technique f o r  determining 
thermal  conduc t iv i t i e s  is the ease and swif tness  w i t h  which t h e  experi-  
ment can be conducted. 

I n  so f a r  assunple  prepara t ion  is concerned, any s o l i d  that C a n  
be b r i q u e t t e d ,  c a s t ,  or f a b r i c a t e d  around a c e n t r a l l y  loca t ed  r i g i d  

c 
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thermocouple ( x  = 0; r = 0)  may ue  t e s t ed .  Finished tes t  sazple ciriin- 
d e r s  should be approximately one inch i n  diameter ,  and one-haif i n c h  ir. 
he igh t ;  however, o t h e r  dimensions can be used. 

Experimental Apparatus 

The experimental  apparatus  (see Figure 2 )  c o n s i s t s  simply of a 
3-inch diameter g l a s s  tube approximately 3 feet i n  length.  One end of 

, the  tube .is completely s toppered except  f o r  a one-half iAch c i r c u l a r  
opening through which the  coolan t  gas flows. The o t h e r  end of t h e  tube 

I i s  open t o  the  atmosphere. A smal l  e lec t r ic  furnace i s  Lised t o  hea t  
1 the  b r i q u e t t e ,  and an automatic s i n g l e  po in t  temperature recorder  con- 

nected t o  the embedded thermocouple i s  used t o  measure t h e  cen te r  temp- 
e r a t u r e  of the  b r i q u e t t e .  

Experimental Procedure 

The experimental  procedure is t h e  same f o r  both the  s tandard and 
tes t  b r i q u e t t e s .  E i the r  the  s tandard  (aluminum was chosen s i n c e  i t s  
thermal p rope r t i e s  are w e l l  e s t a b l i s h e d ) ,  o r  t h e  test b r i q u e t t e  i s  con- 
nected t o  t h e  temperature recorder  by way of the thermocouple lea&.  
The b r i q u e t t e  is heated u n t i l  t h e  c e n t e r  temperature has  reached a con- 
stant , predetermined value.  The b r i q u e t t e  i s  then quick ly  removed from 

1 the  furnace and suspended i n  t h e  cool ing t u b e  with the cool ing  gas flowing 
a t  a cons tan t  r a t e .  The b r i q u e t t e  i s  usua l ly  cooled t o  the temperature 
of t he  cool ing gas wi th in  2 0  minutes. 

D a t a  Processing 
I 
i For the  s tandard  b r i q u e t t e  , t he  experimental  dimensionless temp- 

e r a t u r e  r a t i o  versus  t i m e  d a t a  p o i n t s  f o r  t he  s tandard b r i q u e t t e  along 
wi th  t h e  known thermal p r o p e r t i e s  a r e  used t o  c a l c u l a t e  t he  su r face  co- 

t e f f i c i e n t ,  h ,  i n  t he  fol lowing manner. A d i g i t a l  computer program is  ’ w r i t t e n  t o  compute Yc from Equations ( 6 )  through (231. By i t e r a t i o n  . and assuming var ious  values  of  ( h ) ,  t he  computed values  of Yc can be 
! made t o  converge on each of s e l e c t e d  experimental  Yc versus  e d a t a  
i p o i n t s .  Thus, f o r  a s e l e c t e d  d a t a  p o i n t ,  t he  b e s t  experimental  (h) i s  

t h a t  which when used i n  Equations (8) and ( 1 9 )  r e s u l t s  i n  equal  values  
f o r  t h e  computed and experimental  Yc va lues .  

\ 
t For low conduct iv i ty  tes t  materials, the  same method i s  used t o  

\ 
1 

determine t h e  b e s t  experimental  value of k by us ing  the h determined f o r  
the s tandard  and t h e  o t h e r  p r o p e r t i e s  of t he  tes t  ma te r i a l .  I f  the t es t  
m a t e r i a l  i s  a good conductor as d iscussed  i n  t h e  theory s e c t i o n ,  then 
exper ience  has  shown t h a t  h should be computed from the experimental  
cool ing  curve and then t h i s  va lue  i s  used tommpute k by t h e  same method 
as f o r  low conduct iv i ty  test ma te r i a l s .  

t 
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Discussion and R e s u l t s  

Three b r i q u e t t e s  of aluminum, lead and s i l v e r  were made to  
test  the  v a l i d i t y  of the  experimental  technique s ince  t h e i r  thermal 
p r o p e r t i e s  were a v a i l a b l e  from the  l i t e r a t u r e  a s  shown i n  Table I .  
S in te red ,  dense hemati te  (Fe 0 ) and a b r i q u e t t e  of porous carbon 
made from a p a r t i a l l y  devola t ized  coa l  w e r e  used as tes t  mater ia l s  
For t h e s e  ma te r i a l s ,  a l l  p r o p e r t i e s  except  the  thermal Conduct ivi t ies  
shown i n  Table I w e r e  previously measured. Cooling curves f o r  each 
b r i q u e t t e  were measured f o r  a n i t rogen  flow r a t e  of 0 . 9  scfm. Sur -  
face  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  l e a d ,  s i l v e r  and alumixC - vere 
ca l cu la t ed  by t h e  method discussed i n  the  d a t a  processing sec t ion .  
For these ma te r i a l s  , t h e  l l t e r a t u r e  conduct iv i ty  values  were used t o  
c a l c u l a t e  t h e  su r f ace  c o e f f i c i e n t .  T a b l e  I shows t h a t  the  ca l cu la t -  
ed o r  experiment@ h va lues  f o r  each metal  a r e  nea r ly  i d e n t i c a l .  
This r e s u l t  is c o n s i s t e n t  with the  t h e o r e t i c a l  b a s i s  of t he  exper-  
iment and may be considered as e s t a b l i s h i n g  the  v a l i d i t y  of the method. 
Also as a d d i t i o n a l  evidence,  aluminum was choosen as  the  s tandard and 
k values  f o r  l ead  and s i l v e r  were ca l cu la t ed  using the  h value f o r  alu- 
minum. Table I shows t h a t  the  ca l cu la t ed  o r  experimental  k values were 
wi th in  0.5 percent  of t he  l i t e r a t u r e  values .  The conduc t iv i t i e s  f o r  
hemati te  and porous carbon w e r e  ca l cu la t ed  using aluminum as the  stand- 
ard.  F igu re  3 shows t h e  experimental  da t a  po in t s  with the  s o l i d  l i n e s  , 
ca lcu la t ed  from t h e  theory.  Note t h a t  t h e  l i n e  f o r  the carbon i s  cur- 
ved whereas those f o r  t he  metals  and hemati te  a r e  l i n e a r .  As discuss- ' 
ed previously,  a l i n e a r  cool ing  curve is obtained i f  t h e  sur face  t o  
s o l i d  thermal r e s i s t a n c e  r a t i o s  a r e  r e l a t i v e l y  l a rge .  
meta ls ,  l ead  which has  the  lowest conduct iv i ty  and thermal d i f f u s i v i t y  
cooled the  f a s t e s t .  This  r e s u l t  i s  explained by examination of eqn. 
(25) which shows t h a t  f o r  s i m i l a r  gas flows and b r i q u e t t e  dimensions, 
t he  rate of cool ing  f o r  d i f f e r e n t  materials i s  determined by the  hea t  
conten t ,  pC . I t  can be seen  i n  Table I t h a t  the  h e a t  conten t  f o r  lead  
is the  lowegt of a l l  metals tested. 

I 

2.3 I 

1 

i 

Note t h a t  f o r  t h e  

. Summary 

A r a p i d ,  s i m p l e  method f o r  determining thermal conduct iv i ty  f o r  a s o l i d  
has  been developed. 
e i t h e r  high o r  low conduc t iv i ty .  
t e s t e d ,  then both conduct iv i ty  and h e a t  capac i ty  can be simultaneously 
measured from one cool ing  experiment. The method was va l ida t ed  by using 
t h e  known thermal p r o p e r t i e s  of l ead ,  aluminum, and s i l v e r  and the 
experimental  coo l ing  curves i n  a comparsion wi th  the  computed r e s u l t s .  

The s o l i d  can be e i t h e r  porous o r  non-porous and of 
If high conduct iv i ty  ma te r i a l s  a r e  

1 
I 

1 
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Nomenclature 

Half he ight  of b r i q u e t t e ;  f t  

Area; f t 2  

Coe f f i c i en t  i n  i n f i n i t e  series s o l u t i o n  f o r  temperature dis c r i -  
but ion i n  Br ique t t e  

Spec i f i c  hea t ;  BTU/lb O F  

Overa l l  heat t r a n s f e r  c o e f f i c i e n t ;  BTU/hr f t 2  OF 

Surface hea t  t r a n s f e r  c o e f f i c i e n t ;  BTU/hr f t 2  .OF 

Thermal conduct iv i ty ;  BTU/hr f t 2  O F / f t  

Axial  sur face  r e s i s t ance ;  dimensionless 

Radial  su r f ace  r e s i s t a n c e ;  dimensionless 

Heat f l ux ;  BTU/hr 

Maximum rad ius  of b r i q u e t t e ;  f t  

Radius of b r i q u e t t e ;  f t  

Half width of i n f i n i t e  p l a t e ;  f t  

Temperature; OF 

Temperature a t  c e n t e r  of b r i q u e t t e ;  OF 

I n i t i a l  temperature of b r i q u e t t e ;  OF 

Temperature of cool ing gas;  OF 

Distance of d i r e c t i o n ;  f t  

a8 - - - Dimensionless t i m e  parameter f o r  a x i a l  component 
0 2  

= a8 
r2 

= Symbol f o r  temperature r a t i o ,  a x i a l  component; dimensionless 

= Symbol f o r  temperature r a t i o ,  r a d i a l  component; dimensionless 

=(k/eCp) Thermal d i f f u s i v i t y ;  f t 2 / h r  

= T i m e ;  minutes o r  hours 

= Densi ty ;  w f t 3  

Dimensionless t i m e  parameter f o r  r a d i a l  component 
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Table I 
THERMAL AND PHYSICAL PROPERTIES 

Aluminum S i l v e r  L e a d  
a .01842 .02059 

R 

P 

cP 

PCP 

h ( e x p e r i m e n t a l )  

k ( e x p e r i m e n t a l )  

k ( l i t e r a t u r e )  

a (experimental)  

. 0 4 2 0 8  .04210 

1 6 8 . 5 0  655.20 

. 2273  - 0 5 7 8  

38.30 3 9 . 3 1  

5 . 5 8  5 . 7 0  

2 4 0 . 3  

1 2 1 . 7  240 .0  

3 .178* 6 . 1 1 3  

* 
A v e r a g e  of l i terature  sources 

. 0 1 8 4 2  

. 0 4 i i 7  

707 .43  

. 0 3 0 6  

2 1 . 6 5  

5.60 

1 8 . 9 9  

1 9 . 0 0  

.8770 

H e m a t i t e  
.01842 

. 0 4 2 0 8  

306 . O O  

-2090 

6 3 . 9 5  
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